Observations of multiphoton scattering of electrons born in a high-intensity laser focus are extended to intensities at which the relativistic mass shift associated with the quiver motion must be taken into account.
INTRODUCTION
The transition to multiphoton electron scattering in a high-intensity laser focus occurs when the oscillatory energy of a free electron in the laser field approaches the electron rest energy. Under these conditions the electron recoil due to the laser-field momentum can no longer be ignored, and free electrons acquire momentum in the direction of the wave vector of the laser. This momentum was predicted from both quantum-mechanical 1 -5 and classical considerations 6, 7 in the 1960's and in a series of later calculations. 8 -13 A particularly simple formulation of the forward momentum in terms of conservation of energy and momentum from the field was shown by Reiss 9 and by Corkum et al. 14 The longitudinal momentum p z , which accompanies the energy absorption from multiple scattering in the focused laser field, is related to the perpendicular momentum by 9, 14 
The angle of the ejected electron relative to the wave vector of the laser ͑u͒ depends on the final electron energy gmc 2 as tan u
Recently we made the first, to our knowledge, measurement of this forward momentum associated with multiphoton electron scattering. 15 In that experiment electrons produced during the ionization of Ne gained as much as 80 keV by the combined effect of the quiver motion and the conservation of canonical angular momentum. The 80-keV electrons were observed to emerge from the laser focus at 75
± from the wave vector of the laser (15 ± forward), in good agreement with Eq. (2) . In this paper we report an extension of these results to higher electron energies, approximately 175 keV, through the observation of electrons produced during the ionization of Kr. At these energies the relativistic mass shift associated with the electron's quiver motion 4, 16, 17 in the laser field becomes apparent; a calculation of the electron trajectory without inclusion of the mass shift disagrees with the experimental observations.
Clearly the separation of relativistic effects into forward momentum and mass shift is artificial. The primary distinction is that the forward momentum enters at first order in n osc ͞c, whereas the mass shift enters as ͑n osc ͞c͒ 3 , where n osc is the electron's oscillatory velocity. As part of the discussion of intense laser interactions with free electrons that took place in the 1960's, two effects were highlighted. 1 -7,16,17 The first was the generation of harmonics of the laser by free electrons, and the second was the shift of the harmonics that was due to the mass shift associated with the quiver motion in the field. This distinction between the generation of harmonics and their shift corresponds exactly to the distinction discussed in the electron recoil picture. Thus in this paper we report what we believe to be the first evidence of the longpredicted mass shift of the quivering electron in an intense field.
The outline of this paper is as follows. The experimental setup is described in Section 2, and the experimental results are presented in Section 3. The relationship between multiphoton scattering and the classical motion of an electron in an intense laser field is discussed in Section 4. The conclusions are presented in Section 5.
DESCRIPTION OF THE EXPERIMENTAL CONDITIONS
In the experiment, electrons are produced during the ionization of Ne and Kr atoms and ions by a high-intensity laser. The electrons gain both energy and longitudinal momentum from the field. They are subsequently accelerated out of the focus by the ponderomotive force, retaining their longitudinal momentum. A magnetic spectrometer was constructed to measure the energy and the angular (relative to k) distributions of electrons emitted from a high-intensity laser focus. The spectrometer consists of an energy-resolving magnet and a detector comprising a scintillator coupled to a photomultiplier tube.
The magnet lies in a plane above the focus with an energy-angular resolving gap, as shown in Fig. 1 . The central axis of the spectrometer is perpendicular to the k direction of the laser and passes through the laser focus. The angular distribution of electrons relative to the laser k͑u͒ is measured by rotation of the spectrometer about its central axis ͑f͒. The energy is resolved by varying of the magnetic field in the gap.
The steering magnet is a 10-cm-sq piece of high-purity Fe with a 6-cm-sq cut from the center. A 2-mm gap was cut in one side of the Fe, and coils of wire were wrapped around the other three sides of the Fe to create an electromagnet. A 100-ms square-topped current pulse, fired 80 ms before the laser pulse, produces a steady-state magnetic field during the measurement time. Residual fields or hysteresis effects on the Fe core of the magnet are minimized by degaussing after every shot. Magnetic fields from 50 to 6000 G are reliably formed with less than 5% fluctuation from shot to shot.
The magnet is placed above the laser focus with the 2-mm gap aligned to the focus. Electrons emitted from the laser focus toward the gap in the magnet center the gap and are curved by the magnetic field. Those electrons with a gyro radius of approximately 1.5 cm strike the scintillator, where ultraviolet photons are emitted. The photon flux is then measured with the photomultiplier tube, and the electrical signal is read by an analog-to-digital converter. Peak signal-to-noise ratios of 1000:1 are obtained. The scintillator is shielded from stray light.
The energy window of the spectrometer is varied by changing of the magnetic field in the gap of the steering magnet and is calibrated with an electron gun placed at the laser focus and aimed toward the gap in the steering magnet. The calibration showed an energy window of
The angular distribution of electrons in u (relative to k) (see Fig. 1 ) is measured by rotating of the entire spectrometer about the cylindrical axis that passes through the laser focus at 90 ± to the laser axis. The gap in the magnet is offset from the central axis of the spectrometer and is always aligned so that a clear line of sight can be traced from anywhere on this central axis through the gap in the magnet.
An angular resolution of 61.5
± is achieved with this setup; this uncertainty comes from two sources. The first is the geometric angular resolution the gap in the magnet. The gap is 2 mm wide, which corresponds to an angular spread of 61 ± for electrons traveling from the laser focus. The second source is an asymmetry in the magnetic field in the spectrometer. A slight tilt in the magnetic field deflected electrons by 4 ± 6 0.5 ± from their original ejection angle. This angle was determined from the detection angle of the N 31 electron peak on one side of the laser focus compared with its position on the opposite side of the focus and is accurate to 60.5 ± . Combining the geometric resolving power of the gap and the gap size gives a total uncertainty in the angle of 61.5
The experiments were conducted with a 1.053-mm 1-ps laser by chirped-pulse amplification, described elsewhere. 18 The laser is focused with f͞3 optics, producing a 5-mm (1͞e 22 radius) focal spot and a peak laser intensity of approximately 10 18 W͞cm 2 into Ne and Kr at a pressure of 10 23 Torr. Circular polarization is used to avoid possible asymmetries in the electron angular distribution in the plane of polarization on ionization which would be due to nonzero initial velocities of the electrons along the electric field. 19 He ionization was performed to confirm the expected ponderomotive energies associated with the barrier suppression ionization threshold intensities. 20 We accomplished this by measuring the energy spectrum of He and by assuming that the highest-energy electron peak was from He 2+ . The energy of this peak was 3.0 keV, in good agreement with the value from barrier suppression ionization in circular polarization and subsequent acceleration of the electron by the ponderomotive potential. 19 No electrons with energies significantly above the expected value were observed. This result shows that the energetic electrons observed during the ionization of Ne and Kr are not due to collective effects in the ionized medium. 21 Ne 3+ is created at approximately the same intensity as He 2+ . 20 This similarity was used to identify the electron peaks in the Ne and the Kr spectra with particular charge states. Figure 2 shows an example of an energy spectrum obtained from the ionization of Ne at 87 ± from k. The first peak occurs at 3 keV and is in good agreement with classical field ionization, 20 producing Ne 3+ and the electron's subsequent acceleration out of the laser focus. 19 This en- Fig. 1 . Schematic of the laser focus and the spectrometer slit showing the experimental geometry and relating the spectrometer rotation angle ͑f͒ to the angle from k͑u͒. ergy coincides with the electrons accompanying the production of He 2+ . In Fig. 2 20 and a similar correspondence was made.
OBSERVATION OF RELATIVISTIC MASS SHIFT EFFECTS
In experiments by Moore et al. 15 the angular and the energy distributions from Ne 3+ through Ne 8+ were measured. Ne 8+ emerged from the circularly polarized focus with an energy of 80 6 5 keV and at an angle of 75 6 1.5 ± from the laser axis.
These results were extended to the observation of electrons arising from the production of Kr 10+ and Kr 11+ . The observed angular spectra of Kr 10+ and Kr 11+ are shown in Figs. 3(a) and 3(b) , respectively. A fit to the experimental data is shown by the solid curve. The angular distributions predicted from relativistic Monte Carlo calculations described below for these charge states are shown by the dashed curves. A calculation ignoring the relativistic mass shift associated with the quiver motion is shown with the dotted curve. This is equivalent to keeping b n osc ͞c fi 0 while keeping g 1 in Eq. (4), as discussed below. The observed electron energies were 85 6 3 keV for Kr 10+ and 130 6 10 keV for Kr 11+ . The energy and the angular spectra are in good agreement with the predictions of calculations that include the relativistic mass shift. Figure 4 shows . In all the cases, the observations are in good agreement with the relativistic calculations and with the energies predicted by classical field ionization 20 and subsequent ejection from the focus by ponderomotive and canonical momentum effects. 
CLASSICAL QUIVER TRAJECTORIES AND MULTIPHOTON SCATTERING
The forward momentum that the electron acquires from the laser field can be described in terms of multiphoton electron scattering 9, 14, 15 or the classical, relativistic trajectory of an electron is an electromagnetic wave. 6, 7 At high laser intensities the classical oscillatory motion of a free electron in a laser field becomes anharmonic. A detailed theoretical examination of elec- Fig. 3 . Angular distribution of electrons born during the production of (a) Kr 10+ and (b) Kr 11 . The solid curve is a fit to the angular distribution, the dashed curve is the prediction of the relativistic Monte Carlo calculation, and the dotted curve is the prediction of the Monte Carlo calculation if the relativistic mass shift is ignored. tron trajectories and emitted harmonic radiation was conducted by Sarachik and Schappert in 1970. 7 They parameterized the nonlinear electromagnetic-wave effects by q (sometimes called h):
where c is the speed of light; e and m 0 are the electron charge and rest mass, respectively; and ͗A 2 ͘ is the time average of the square of the vector potential of the laser. q is related to the ponderomotive potential (average quiver energy) of the laser by F pond q 2 mc 2 ͞4. With this definition, q 2 has the same value for both linear and circular polarization. When q approaches 1, the electron acquires a significant momentum in the direction of the laser wave vector k. This effect is due to absorption of momentum and energy from the field through the ponderomotive (quiver) energy and the conservation of canonical angular momentum.
Sarachik and Schappert 7 considered the case in which an electron, initially at rest, is subject to a time-dependent plane electromagnetic wave. As the wave is turned on, the electron begins to oscillate in the field, gaining an average quiver energy. There is a concomitant average momentum in the k direction. As the laser field is turned off, the quiver energy and the longitudinal momentum are given back to the field, resulting in a spatial displacement of the electron in the k direction. While the laser pulse is turned on, the electron, because of its nonlinear motion, also emits radiation near harmonics of the laser frequency.
In the experiments by Moore et al. 15 and those presented in this study, an electron is born at rest by ionization in a focused laser field. The electron gains energy both because of its quiver motion and because of the conservation of canonical angular momentum. There is an accompanying momentum gain in the k direction. In a laser focus, even at small q, an electron feels a force along the gradient of the ponderomotive potential. The effect of the gradient is to convert the oscillatory energy into directed kinetic energy. At moderate intensities an electron born in a cylindrically symmetric laser focus with k in the z direction is radially accelerated out of the focus. 4, 22 An electron gains the full ponderomotive energy if the laser-pulse duration t L is longer than the time it takes the electron to escape from the laser focus t esc . In the experiments by Moore et al. 15 the electron energy and angular distributions relative to the k direction were measured and were found to be in good agreement with Eq. (2).
Whereas multiphoton electron scattering provides a complete description of the interaction, as does the Hamilton -Jacobi method of Sarachik and Schappert, 7 some insight is gained by calculation of the electron trajectories perturbatively. By consideration of the motion of the electron that is due to the Lorentz force, the effects of the ͑ b͒ 3 B quadrapole motion ͑ b n͞c͒ and those associated with the relativistic mass shift ͑g fi 1͒ in the field can be examined separately. As mentioned above, this is equivalent to considering different perturbation orders. The equations of motion for the electron in a plane wave can be solved. 23 When the equations are solved perturbatively, the exact solution is recovered after the first two orders, and all the higher orders cancel exactly. The effect of the relativistic mass shift can thus be explicitly seen.
The electron is born at rest in a plane wave by ionization and is accelerated by the Lorentz force: dp dt 2e
We can solve the Lorentz force equation by separating it into an equation in the plane of polarization and the k͑ẑ͒ direction. The solution of these equations, for an electron initially at rest, is
where b n͞c. The relationship between the perpendicular and the parallel momenta in Eqs. (5) satisfies Eq. (1), as expected. By examining the perturbative solution of Eq. 4, we can see the contribution of the relativistic mass shift. In discussing the relativistic mass shift effects, we are making a distinction between the quadrapole magneticfield effects, b 3 b, and the mass shift due to the average quiver energy 4 :
The former enters as a first-order correction in jbj, whereas the latter correction enters as jbj 3 . The momentum representation of the equation will be used with p p 0 1 p 1 1 p 2 1 p 3 1 . . . , where each order is smaller by n osc ͞c eA͞mc 2 . The first two perturbative equations are
For a plane wave, the solution of these two equations is given exactly by Eqs. (5), with p 0 p Ќ and p 1 p zẑ . This means that each of the higher-order perturbative equations must cancel. The second-order equation is
The second term on the left-hand side of Eq. (8) is zero, and the third term cancels with the term on the righthand side, leaving p 2 0. The corrections associated with the relativistic mass shift ͑g fi 1͒ arise in third order:
The two terms on the right-hand side are those associated with the lowest-order relativistic mass shift and can be shown to cancel the second term on the left-hand side of Eq. (9) . If the relativistic mass shift is neglected, the right-hand side of Eq. (9) is zero, and the electron acquires additional momentum in the k direction, which is not present in the exact solution.
The magnitude of the relativistic correction to the momentum in the k direction can be estimated by comparison of the results of Eq. (9) with the solutions in Eqs. (5) . It is found to be of order ͑g 2 1͒p z . Equation (2) predicts that the 140-keV electrons will be observed at an angle of 70 ± , whereas, if the relativistic mass shift is not included, the predicted observation angle, including p 3 , will be 63 ± . The observed angular spectrum of electrons associated with the production of Kr 11+ is in agreement with the fully relativistic prediction and disagrees with the prediction when the relativistic mass shift is not included.
These results were confirmed by a fully relativistic Monte Carlo simulation of the electron dynamics with the use of Eq. (4). The simulation involves propagating a circularly polarized Gaussian temporal and spatial profile laser pulse over a few thousand atoms placed at random positions within a laser focus. The laser parameters are based on measurements of the corresponding parameters of our laser system. Electrons with zero initial velocity are released into the field at the electric field necessary for Coulomb barrier suppression ionization 20 ; E ´i on 2 ͞4Z, where´i on is the ionization potential and Z is the ionic charge. The fully relativistic equation of motion for the electron trajectories is solved for each electron, and the electrons' positions and velocities after emerging from the focus are stored. These electron trajectories agree with Eq. (2), and the electron energies are equal to twice the ponderomotive potential as expected.
In the calculation in which the mass shift is ignored ͑g 1͒, the energy of the ejected electrons deviates significantly from 2F pond as q approaches 1.25. There is a corresponding change in the electron ejection angle. In the fully relativistic calculation, the ejected energy is 2F pond for all the energies observed, as expected from the adiabatic model of the ponderomotive potential.
Significant differences exist between the relativistic and the nonrelativistic predictions of the energy and the angular distributions of electrons produced at intensities of approximately 5 3 10 17 W͞cm 2 (2F pond ϳ 100 keV). Figure 3 shows a comparison of the angular distribution emitted during the ionization of Kr 10+ and Kr 11+ for the fully relativistic calculations and for those ignoring the mass shift. The figure shows that for electrons born during the production of Kr 11+ there is a significant difference between the predicted ejection angle (70 ± versus 64 ± ) for the relativistic versus the nonrelativistic calculation. There is also a difference in the predicted electron energy (140 keV versus 190 keV).
CONCLUSIONS
In this paper we have reported an extension of the multiphoton electron scattering experiments of Moore et al. 15 to higher electron energies. In the previous experiment, electrons produced during the ionization of Ne were accelerated to as much as 80 keV by the combined effect of the quiver energy and the conservation of canonical angular momentum. The 80-keV electrons were observed to emerge from the laser focus at 75
± from the wave vector of the laser (15 ± forward), in good agreement with Eq. (2). Electron energies of as much as ϳ175 keV have been observed during the ionization of Kr. At these energies the relativistic mass shift of the electron quiver motion in the laser field becomes apparent; a calculation of the electron trajectory without inclusion of the mass shift (fixing g 1) disagrees with the experimental observations. To our knowledge, these are the first observations of relativistic mass shift effects in the interaction of free electrons with a high-intensity laser.
